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Introduction
Numerous studies have shown that individuals with attention-deficit/hyperactivity disorder (ADHD) are at increased risk of developing substance use disorders (SUDs) and nicotine dependence (Charach et al., 2011) . In addition, the prevalence of ADHD is much higher in substance-dependence populations compared to the general population (van de Glind et al., 2014) . The heritability of ADHD is high, ranging from .71 to .73 (Nikolas and Burt, 2010) . SUDs also cluster within families, with heritability estimates of SUDs and nicotine dependence lying between .40 and .55 (Kendler et al., 2012) . Family-genetic studies of probands with ADHD have reported higher rates of SUDs/nicotine dependence in the relatives of probands with ADHD compared to the relatives of controls (Monuteaux et al., 2008) . On a symptom level ADHD and SUDs are both characterized by impulsive behavior (American Psychiatric Association, 2000) . The overlap between ADHD and SUDs/nicotine dependence might be mediated by shared genetic liability (Carpentier et al., 2013) . It is, though, still unclear, which genetic pathways are involved in such a shared liability. Several neurobiological pathways have been implicated in both ADHD and SUDs/nicotine dependence, including dopamine and serotonin neurotransmission pathways.
Alterations in brain dopamine function are considered to play a crucial role in SUDs and nicotine dependence. The use of substances of abuse leads to an increase in extracellular dopamine, mostly in the ventral striatum (Volkow et al., 2009) . Chronic use of substances leads to neuroadaptations within the dopamine reward pathway (e.g. reduced D2 receptor availability), which are thought to be a hallmark of addiction (Bobzean et al., 2014; Volkow et al., 2009 ). In addition, reduced functioning of the dopamine inhibitory control pathway (mainly mediated by the prefrontal cortex) has also been implicated in the pathogenesis of SUDs/nicotine dependence (Bobzean et al., 2014) . Compelling evidence also points to deficits in the dopaminergic reward and inhibitory control pathways in ADHD (Cortese et al., 2012) . Indeed, the first line pharmacological treatment of ADHD involves treatment with stimulants, which are hypothesized to normalize dopamine functioning in fronto-striatocerebellar brain circuits (del Campo et al., 2011) . Taken together, these studies suggest that alterations in dopamine functioning, e.g. genes involved in dopaminergic transmission might mediate the risk for SUDs/nicotine dependence in ADHD.
Besides dopamine, serotonin has also been implicated in ADHD, and SUDs/nicotine dependence. The serotonin raphe nucleus projects to the striatum, modulating the dopamine reward system (Johnson, 2004) . Alcohol and nicotine intake have been associated with increased serotonergic functioning (LeMarquand et al., 1994; Olausson et al., 2002) . Indeed, serotonergic antagonists have been shown to be effective in the treatment of alcoholism (Johnson, 2004) . Although serotonergic drugs do not reduce behavioral symptoms of ADHD (Verbeeck et al., 2009) , serotonin dysfunction has also been implicated in the pathogenesis of ADHD (Oades, 2010) . Thus, genes that influence the serotonergic system may also be involved in the clinical overlap/co-morbidity between SUDs/nicotine dependence and ADHD.
Genetic liability for complex disorders such as ADHD and SUDs/nicotine dependence is thought to be multifactorial, with contributions of multiple risk variants, each with a small effect size (Manolio et al., 2009) . In comparison to analyzing single polymorphisms, analysis of genetic risk scores may capture a greater proportion of the genetic contribution to complex disorders (Plomin et al., 2009) . Previously, genetic risk scores have been successfully applied to, for example, disruptive behavior disorders in ADHD (Kotte et al., 2013) and food addiction (Davis et al., 2013) . Here we created genetic risk scores for both serotonergic and dopaminergic neurotransmission risk genes previously found associated with ADHD, and/or SUDs/nicotine dependence. In this study, we tested the hypothesis that variations in such dopamine and serotonin genetic risk scores are involved in the genetic liability to develop SUDs and nicotine dependence in ADHD.
Methods

Participants
Participants were selected from the Dutch part of the International Multicenter ADHD Genetics (IMAGE) study (Brookes et al., 2006) . Data collection for IMAGE took place between 2003 and 2006. ADHD families were recruited from outpatient clinics and included at least one child aged 5 to 17 years with combined type ADHD and at least one biological sibling regardless of ADHD diagnosis. Exclusion criteria applying to all participants included autism, epilepsy, IQ < 70, brain disorders and any single gene disorder associated with externalizing behaviors that might mimic ADHD (e.g. fragile-x).
In 2008 and 2009 participants were re-invited to participate in the current follow-up study. Ethical approval for the study was obtained from the National Institute of Health registered ethical review boards; we obtained written informed consent from all participants and/or their parents. A total of 280 of 358 participants with ADHD had data available for the current study of which 250 participants had complete data available for the selected dopamine risk alleles, and 278 for the selected serotonin risk alleles. Of all 280 subjects complete information was available for the substance use and nicotine related outcomes (the full dataset is described here Groenman et al., 2013) . We found no differences between those subjects with and without complete data concerning number of SUDs, conduct disorder (CD), IQ, age, or ADHD symptoms (all p> .1); however, those with missing data in their genetic risk score were less likely to smoke (p=.032)
Measures
Diagnostic assessment
Assessment of ADHD, oppositional defiant disorder and conduct disorder: At study entry, ADHD families, probands and siblings, were screened for ADHD, using standard procedures of the IMAGE project described fully elsewhere (Müller et al., 2011) . Only siblings that met all DSM-IV criteria for ADHD were included. The Long Version of the Conners Parent (CPRS-R:L) and Teacher Rating Scale (CTRS-R:L) were used to identify and quantify ADHD symptoms. T-scores ≥ 63 on the Conners ADHD subscales (L, M, and N) were considered clinically significant. The Parental Account of Childhood Symptoms (PACS) interview was administered if clinically significant scores were obtained on any of the Conners ADHD rating scales. A trained interviewer administered the PACS to the parents, who were asked for detailed descriptions of the child's typical behavior in a range of specified situations. The PACS covers the Diagnostic and Statistical Manual of mental disorders (DSM-IV; American Psychiatric Association, 2000) symptoms of ADHD, oppositional defiant disorder (ODD) and CD (also see Müller et al., 2011) .
A standardized algorithm was applied to combine PACS and CTRS-R:L to derive the 18 symptoms of ADHD (American Psychiatric Association, 2000) . Situational pervasiveness of ADHD was defined as at least two symptoms being present in two or more different situations as assessed with PACS interview, as well as the presence of one or more items scored 2 or more from the ADHD scale of the CTRS-R:L. ODD and CD were defined according to DSM-IV criteria (American Psychiatric Association, 2000) based on information from the PACS (algorithm fully described in Rommelse et al., 2007) .
Substance use: A full description of follow-up measures can be found elsewhere (Groenman et al., 2013) . Briefly, a parental report of SUDs was obtained using the substance use disorder module of the Diagnostic Interview Schedule for Children (DISC-IV-P). Participants above 12 years completed the Alcohol Use Disorders Identification Test (AUDIT), Drug Abuse Screening Test-20 (DAST), and Fagerström Test for nicotine dependence (FTND), about their substance and nicotine use in the past 12 months. Diagnoses of SUDs were present if either self-or parent-report measures were positive. We created summary diagnostic groups by aggregating diagnostic information across instruments and informants. For Alcohol Use Disorder (AUD), the AUDIT (self-report) and alcohol module of the DISC-IV-P (parental-report) were used. For Drug Use Disorder (DUD), DAST (self-report) and the marihuana and other drugs module of the DISC-IV-P (parental-report) were used. AUD and DUD were collapsed into one category to form an overall measure of SUDs and used as dependent measure in the analyses. Daily smoking below the age of 18, as assessed with the FTND (self-report) or the tobacco module of the DISC-IV-P (parental-report), were used to establish nicotine dependence. Furthermore, age of first substance use (DISC-IV-P), age of first nicotine use (FTND), and severity of alcohol use (total score of the AUDIT) served as dependent variables.
Pharmacy and self-report data on stimulant medication use were obtained. These were combined to form two groups, an untreated (n=36) and a pharmacologically treated group (n=212; data on 248 participants).
Genotyping
An overview of genotyping procedures in the IMAGE sample and the Dutch follow-up study NeuroIMAGE can be found elsewhere (von Rhein et al., 2014) . For the IMAGE sample, DNA was extracted from blood samples or lymphocyte cell lines at Rutgers University Cell and DNA Repository, New Jersey, USA (Brookes et al., 2006) . DNA isolation for additional samples from the NeuroIMAGE study was performed from blood or saliva at the department of Human Genetics of the Radboud university medical center. DNA was isolated from saliva using Oragene containers (DNA Genotek, Ottawa, Ontario, Canada) according to the protocol supplied by the manufacturer, DNA from blood was isolated using standard procedures. Genome-wide genotyping for IMAGE was performed as part of the GAIN study using the Perlegen 600K genotyping platform, which comprises approximately 600,000 tagging Single Nucleotide Polymorphisms (SNPs; (Neale et al., 2008) . For NeuroIMAGE samples not genotyped during IMAGE, genotyping was performed on the Human CytoSNP-12 version 2 genotyping BeadChip (Illumina Inc., San Diego, California, USA) at the Lifelines facility (Groningen, The Netherlands). Quality control steps were performed for the genotype data from both platforms separately. SNPs were excluded if the call rate per SNP was less than 95%, the minor allele frequency was less than 1%, or the SNPs failed the Hardy-Weinberg equilibrium test at a threshold of p≤10-6 (genome-wide). Participants were excluded if the call rate per individual was lower than 95%. In order to increase genomic coverage and to harmonize genotyping, imputation was performed separately for both data sets using IMPUTE2 (Howie et al., 2009 ) and the 1000 Genomes Phase 1. V3 reference data downloaded from http://mathgen.stats.ox.ac.uk/impute/ Data_download_1000G_phase1_integrated.html (The 1000 Genomes Project Consortium, 2010). SNPs with low imputation quality (INFO < 0.8) and minor allele frequency < 0.01 were not included in the analysis.
Genotyping of the DRD4 exon 3, DAT1/SLC6A3 3′ untranslated region, and 5-HTT/ SLC6A4 HTTLPR variable number tandem repeat (VNTR) polymorphisms had been performed previously by the IMAGE consortium (Brookes et al., 2006) . Standard PCR protocols were used for all VNTR markers, and amplified products were visualized on 2% agarose under UV light. For the additional NeuroIMAGE samples, VNTRs were genotyped using standard PCR protocols. After the PCR, fragment length analysis was performed on the ABI Prism 3730 Genetic Analyser (Applied Biosystems, Nieuwekerk a/d Ijssel, The Netherlands), and results were analyzed with GeneMapper® Software, version 4.0 (Applied Biosystems). No deviations from Hardy-Weinberg Equilibrium were found for the VNTR polymorphisms at p <.05.
For this study, genetic variants were selected that have been implicated in the dopamine (see Table 1 ) and serotonin neurotransmission systems (see Table 2 ) in prior genetic studies of ADHD or SUD/nicotine dependence. To be included, we required that the SNP was in a gene directly associated with the dopamine or serotonin system and had been associated in at least one study with ADHD and in at least one study with SUDs and/or nicotine dependence. For example, rs4680 in the Catechol-O-methyltransferase (COMT) gene was included because it has been associated with SUD/nicotine dependence in multiple studies and was found to be associated with ADHD (and CD) in one study (also see Table S1 and Table S2 for a complete overview of association studies showing all selected polymorphisms).
Genetic Risk Score
Across all SNPs the high-risk genotypes were assigned a score of 1, low risk genotypes a score of 0, and if applicable an intermediate risk genotypes with a score of .5. The literature was checked to assess which allele imparted risk; regression models were built for individual polymorphisms and the two main outcome measures (SUDs and nicotine dependence) to check this direction. For each subject, risk scores were calculated by multiplying the scores by genotype dosages for each SNP included in the analysis. The risk scores for each SNP were added to create a risk score for the dopamine and the serotonin system separately. For example, a subject carrying none of the high-risk dopamine genotypes would have a risk score of 0. In Tables 1 and 2 we describe the selected polymorphisms, and the assigned riskscores for each genotype.
Data analyses
First, differences in gender, age, ADHD-severity, and ODD/CD comorbidity were compared between those followed-up and those lost to follow-up using t-test and chi-square tests. For each risk score, we excluded subjects with any missing data. This led to 250 subjects with a dopamine risk score, and 278 with a serotonin risk score. All analyses were done using SPSS (IBM SPSS Statistics version 20).
First, regression models (either logistic for binary outcomes [i.e., SUDs, nicotine dependence] or linear for continuous outcomes [i.e., age of substance use, alcohol use severity, and age of first nicotine use]) using generalized estimated equations (GEE; Norton et al., 1996) were built for all outcome measures to account for age, gender, and intrafamilial correlation (i.e., multiple siblings within one family). Family number was used as repeated measure, and robust estimators and exchangeable structure were used for working correlation matrices. From these models, residuals were saved and used in further analyses.
Second, we estimated linear regression models predicting the residuals (obtained in the first step of our analyses from the GEE models) from the genetic risk score. Separate models were built for the serotonin and dopamine risk scores. Since genome-wide genotyping was performed on two different platforms that can not be combined in a mega-analysis, models were run separately for the two different platforms (i.e. Perlegen 600K, CytoSNP-12), and combined using the weighted Stouffer overall Z method (Stouffer et al., 1949) . This metaanalytic method takes sample size into account.
To correct for multiple testing, we calculated the effective number of independent tests (Meff) (Li and Ji, 2005) . This method uses the correlation matrix of the five outcome measures to calculate the eigenvalues for each of the outcomes assessed using an onlinealgorithm (http://gump.qimr.edu.au/general/daleN/matSpD/). This led to a Meff of 4, with an associated p-value of .013. Because we looked at two genetic risk scores, we divided this value by two, and used p= .0065 as significance level for all analyses.
In exploratory analyses, we assessed the interaction between the genetic risk scores for dopamine and serotonin. Also, analyses were re-run excluding participants who took no medication (n=36) to assess whether possible effects were dependent on those.
Results
Dopamine neurotransmission genes
After correction for multiple comparisons, the dopamine risk score did not predict age of first substance use, age of first smoke, or SUDs in participants with ADHD. Nominal significant results were found for the dopamine risk score to predict alcohol use severity (p= .013) and nicotine dependence (p=0.014) (see upper panel Table 4 ).
Serotonin neurotransmission genes
After correction for multiple comparisons the serotonin risk score significantly predicted alcohol use severity (p< .001) in participants with ADHD. Nominal significant results were found for the serotonergic risk score to predict SUDs. The serotonin risk score did not predict age of first substance use, age of first smoke, or nicotine dependence (see lower panel Table 4 ).
Exploratory analyses
No significant interactions were found between the dopamine and serotonin genetic risk scores (Table 6) . Results hardly changed when analyses were re-run in the stimulant treatment group only (Table 5) .
Discussion
In this study we tested the hypothesis that variation in dopamine or serotonin neurotransmission genes is involved in the genetic liability for the development of SUDs and nicotine dependence in adolescents or young adults with ADHD. Instead of studying individual genetic variants, we employed genetic risk scores to capture more of the genetic variance. Although we hypothesized that both dopaminergic and serotonergic genetic risk scores would predict SUDs/nicotine dependence-related outcomes, only the serotonin genetic risk score significantly predicted alcohol use severity. The serotonin risk score produced marginally significant results for SUDs. The dopamine genetic risk score yielded only marginally significant results in predicting nicotine dependence and alcohol use severity. We found no significant interactions between the dopaminergic and serotonergic risk scores.
In adolescents with ADHD, the serotonin genetic risk score was a significant predictor of alcohol use severity (5.0% of variance explained). Our findings add to the literature implicating serotonin in the development of SUDs (Johnson, 2004) , by demonstrating the role of serotonin in early stages of the development of SUDs in ADHD (i.e. alcohol use severity in adolescence). Previous studies have shown a high heritability for age of first nicotine and substance use (Vink et al., 2006) . However, neither the dopamine nor the serotonin genetic risk score predicted age of first nicotine use, indicating that other genetic variants may underlie this trait.
Serotonin and dopamine play a role in impulsivity (Dalley and Roiser, 2012) , and impulsivity is a diagnostic feature of ADHD, that has also been crucially related to SUDs/ nicotine dependence (Moeller et al., 2001) . However, impulsivity is not a unitary concept. One can distinguish multiple aspects of impulsivity, such as impulsive choices (e.g. motor inhibition) and impulsive actions (e.g. delay aversion). It has been shown that dopamine and serotonin are differentially associated with these aspects of impulsivity (Dalley and Roiser, 2012) . Serotonergic neurotransmission appears to be more related to impulsive action than impulsive choice (Bari and Robbins, 2013) . Animal studies have shown that serotonin depletion does not affect stop signal reaction time (SSRT) measuring impulsive choice, while it did affect impulsive action. Although serotonin depletion did not affect SSRT, treatment with d-amphetamines did (Eagle et al., 2009) , suggesting that the dopaminergic system is involved in impulsive choice. In previous work, we found that SSRT could not differentiate between ADHD with and without SUDs . Although subjects with ADHD show performance on tasks of impulsive choice, and impulsive action (Pauli-Pott et al., 2013) , only serotonin-related impulsivity (i.e. impulsive action) seems to have a mediating role in the development of SUDs in ADHD. Dopamine is implicated in the pathogenesis of SUDs and nicotine dependence (Bobzean et al., 2014; Volkow et al., 2009) , and compelling evidence points to dopaminergic reward deficits in ADHD (Cortese et al., 2012) . However, we did not find that dopamine genes could differentiate between those subjects with ADHD only and ADHD and SUDs/nicotine dependence. There are indications that increased risk for substance and nicotine use, found for certain dopaminergic polymorphisms, is under the influence of environmental factors. For example, carriers of the DRD4 7-repeat allele were found to be more frequent cannabis users, but only under the influence of low parental monitoring (Otten et al., 2012) . Similarly, the COMT Val158Met genotype interacted with childhood trauma in predicting alcohol dependence (Schellekens et al., 2013) and alcohol use was higher in carriers of the DRD2 A1-allele when parental rule setting was low (van der Zwaluw et al., 2010) . Also, life-course effects have been reported for dopaminergic genes on alcohol consumption, showing only association with alcohol consumption in young adulthood, but not in adolescence (Guo et al., 2007) . Longitudinal follow-up studies are necessary to examine the effect of dopaminergic neurotransmission genes on SUDs/nicotine dependence throughout the lifespan.
The current study focused on dopaminergic and serotonergic genes, but there are other candidate genes and neurotransmitter systems, which could mediate the shared risk between ADHD and SUDs/nicotine-related outcomes. For example, the CDH13 gene encodes cadherin-13, a member of a family of cell-cell adhesion proteins, and regulates neural cell growth. Cadherin-13 expression has been detected, among others, in dopamine neurons in ventral tegmental area, substantia nigra, and locus coeruleus, and as such had been implicated in ADHD and comorbid disorders including SUDs (Rivero et al., 2013) . Indeed, the CDH13 gene has been implicated in several GWAS studies of ADHD (Franke et al., 2009) , and SUDs (Treutlein et al., 2009; Uhl et al., 2008) . Another possible candidate is the NOS1 gene. NOS1 is suggested to modulate ventral striatal activity and impulsivity in adults with ADHD (Hoogman et al., 2011) . The ventral striatum is an area implicated in the development of SUDs/nicotine dependence (Volkow et al., 2009) , with studies showing a relationship between the NOS1 gene and for example nicotine dependence (Di Matteo et al., 2010) . Other neurotransmitter systems could also be important in both ADHD and SUDs/ nicotine dependence, for example the norepinephrine system, which has been implicated in ADHD (Scassellati et al., 2012) . Atomoxetine, a norepinephrine reuptake inhibitor, is efficacious in reducing symptoms of ADHD (Garnock-Jones and Keating, 2010) . The norepinephrine system plays a crucial part in the rewarding effects of amphetamines, cocaine, and alcohol (Sofuoglu and Sewell, 2009; Weinshenker and Schroeder, 2007) . Future studies including risk scores from a broader range of genes or biological processes may be able to account for a larger portion of variance in SUD/nicotine dependence.
Our findings should be viewed in light of some strengths and limitations. Our study has shown the benefits of using genetic risk scores. This approach captures more variation than a single SNP analysis. The use of genetic risk scores in predicting certain outcomes requires smaller samples than studies using single SNP analyses, while it still provides information about the possible etiology of a condition. Our sample consisted of participants of European Caucasian descent, limiting the generalizability of the findings to other populations. While our results hardly changed when rerun in the stimulant treated group, we can not make strong inferences about stimulant naïve individuals with ADHD. Participants were relatively young and may not have fully passed the risk period for the onset of SUDs/nicotine dependence. Because of the relatively young age at the time of assessment (mean age: 16.5 years) AUD and DUD were combined into SUD to increase statistical power. This approach prevented conclusions about the effects on AUD and DUD in isolation. Several nominal significant results were found, and although the use of genetic risk scores increases power, it should be kept in mind that power was possibly too low to detect these effects. Possibly, our sample is an imperfect representation of the clinical ADHD population, as those with missing data in their genetic risk score were less likely to smoke. We did not have the opportunity to assess our genetic risk score in control populations, and therefore cannot make inferences about the effect on ADHD-status of the genetic risk scores assessed in the current paper. Possibly, the genes identified by looking at the overlap between ADHD and SUDs/nicotine dependence could prove indicative for SUDs and nicotine dependence in controls.
To summarize, the current study adds to the literature showing that a risk score derived from serotonergic neurotransmission genes significantly predicts alcohol use severity in adolescents with ADHD. Thereby, our work provides insight into shared genetic underpinnings of these highly comorbid disorders. The focus of the literature on ADHD and SUDs/nicotine dependence comorbidity has been mostly on the dopaminergic system. Our study suggests that the serotonergic system also plays a role in the relationship between these disorders.
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